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ABSTRACT

Coaggregation has been indicated as a key mechanism in the fonnation of biofilms. This
research sought to characterize the interactions occurring between native gastrointestinal
Bacteroides & Parabacteroides and the probiotic strain Lactobacillus rhamnosus GG (LOG)

cultured in Todd Hewitt (TH), deMan, Rogosa, and Sharpe (MRS), and Brain Heart Infusion
(BHI) using in vitro coaggregation assays. In the coaggregation survey of interactions, a trend of
growth medium-dependent coaggregation variability was displayed with LOG grown in TH
displaying the widest spectrum of coaggregation with Bacteroides/Parabacteroides strains and
narrower spectrum from the other cultures of LOG. By protease inhibition, it was confinned that
the presence of novel adhesin(s) occurs on LOG, mediating coaggregation with moderate
strength to a variety of Bacteroides & Parabacteroides strains abundant in the large intestine,
including selective interactions with capsule-deficient mutants of B. thetaiotaomicron VPI-5482.
In the case of LOG grown in MRS, bimodal adhesin interaction with involvement of
BacteroidesfParabacteroides partners was observed. These interactions were not reversed by the

addition of a variety of simple sugars, providing no support for the presence of a lectin-like
adhesion on LOG, and thus the affinity of the adhesin(s) involved remains to be characterized.
Keywords: Gut Bacteria, Biofilm, Probiotics
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INTRODUCTION
The formation of biofilms is a central topic to the study of microbiota. A biofilm is a
community of micro-organisms attached to either a either biotic or abiotic surface (1).
Alternatively, microbial cells may occur as planktonic cells, suspended in matrix; however, it is
hypothesized that the formation of sessile stage microbes in biofilm formation offer adaptive
advantage for survival in a diversity of environments (2). It has been observed that a unique
cooperative relationship may occur among microbes in biofilms by the transfer of "public goods"
secreted into the community by constituents (3). Key to the understanding of the formation of
biofilms and the advantage reaped by involved microbes is the mechanical understanding of cell
recognitions and interactions mediating this organization.
Viable mulit-species biofilms are observed in a diversity of habitats, including abiotic
and biotic surfaces. The human body as a host for microbiota holds a large diversity of microbial
species which are implicated in modulation of host physiology (4). Many studies have been
conducted analyzing the unique symbiotic interface that occurs between human host cells, such
as those of the epithelial surfaces, and various microbial species cells, whether pathogenic,
commensal, or probiotic. Additionally, many complex metabolic and immunomodulating
relationships exist between native species and the human host, especially within the human
gastrointestinal tract. Accordingly, a specific niche of the human microbiome of particular
interest is that of the gut, or the gastrointestinal microbiota.
The lumen of the human gastrointestinal tract is one of the most diverse and most
populous microbial niches of the human body. The environment of the human intestine is host to
approximately 300 to 500 species of bacteria, and the number of microbial cells within the gut
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lumen outnumber all host eukaryotic cells by a ratio of 10:1 (5). The predominate phyla in this
community are the Gram-positive Firmicutes and the Gram-negative Bacteroidetes (6). In the
lumen, the anaerobic bacterial species, such as those of the genus Bacteroides and
Bifidobacterium, dominate, while aerobes such as genera Esclzericlzia, Klebsiella, and
Lactobacillus form a smaller subset (5). The constituents of this microbiota enhance carbon and

energy utilization from digestion. Many of these anaerobes are essential for their role in
breakdown of complex plant polysaccharides and subsequent fermentative production of short
chain fatty acids readily absorbed across the gut epithelium, and a significant energy source for
the human host (7, 8).
Biofilm formation within the human gastrointestinal tract and other diverse microbial
ecosystems occurs through colonization and persistence, and understanding these processes has
implications for the mediation of complex intercellular relationships and signaling. Biofilm
formation is derived from the mechanical model of the adherence of microbial cells to a living
(biotic) or non-living (abiotic) polymer substrate, which in the case of the gut is the intestinal
lumen surface. It is understood that the associations subsequently formed between
surface-attached microbial cells and other colonizers associated with the colonizing surface
occurs with the cell surfaces of adjacent cells of either the same or different species. This
physical integration of cells into a community contributes to the functional characterization of
the microbiome population dynamics. Much research has revolved around the influence of
environmental factors such as nutrition, pH, temperature, and osmolarity as cues to directing
microbial cells to either planktonic life or integration into community biofilm (9, 10).
Distinctions occur in the phenotype of a species when associated with adhering bacterial biofilms
that differentiate it from the individual phenotype of planktonic, or free-floating, bacterial cells.
3

Within the gastrointestinal tract and specifically the large intestine, the intestinal mucosa
is positioned as the primary substrate for biofilm formation, although the effect ofmucins on
biofilm formation depends upon the bacterial species being tested (1 0, 11 ). While some biofilms
may be comprised ofa single species, gut biofilms primarily occur in complex multi-species
consortia (11 ). The biofilm initiation process is characterized by the establishment ofprimary
colonizers, which adhere to the substratum and multiply to form microcolonies ( 11 ). The biofilm
then begins to amass and mature by the inclusion ofsecondary colonizers, which adhere to the
cell surface ofprimary colonizers (1 1 ). In the formation ofdental plaque biofilms, researchers
successfully observed coaggregation mediated by the affinity ofadhesin for surface carbohydrate
residues (lectin-like affinity), and similar models ofcoaggregation mediated by adhesins are
found in a variety ofother multi-species biofilms (12, 13). Coaggregation has been strongly
suggested as a mediating process in the formation ofdiverse microbial ecosystems, including the
gut, which are being investigated in an effort to build upon the research model set by the
characterization ofthe symbiotic oral cavity microbial biofilms (9, 1 0, 15).
Coaggregation is the interaction by which cells oftwo distinct microbial strains or
species mutually adhere to form a clump, or aggregate. The field ofmicrobial coaggregation
was primarily pioneered in oral cavity plaque biofilms by the work ofKolenbrander et al. (1981 ,
1 993) (12, 13). These studies found that viable as well as dead bacterial cells coaggregate,
excluding the potential for a response mechanism on the part ofeither partner cell and
determining that the interaction must be owed to inherent structure ofcell surface molecular
components (13). The surface protein mediators ofcoaggregation in these cell-cell specific
recognitions are termed adhesins. In interactions between oral streptococci and Actinomyces,
coaggregation is characterized by lactose-reversibility, or the ability oflactose to inhibit binding
4

when added to a coaggregating pair, revealing that the adhesin in these interactions is in fact
lectin-like (or carhoydrate receptor-binding) (15). Despite the predominance of these receptors
in interactions of oral multi-species biofilm strains, many receptors other than carbohydrates may
be ligands in this interaction within the oral cavity as well as other biofilm ecosystems, and, in
fact, amino acids have been observed to disrupt coaggregation and biofilm formation in oral
biofilm strains just as effectively (13, 15). The challenge is that while adhesins and their
receptors are well-characterized in oral biofilm species and certain other biofilm ecosystems,
characterization of coaggregation is still lacking in the ecosystem of the mammalian
gastrointestinal tract.
Within the phylum of Bacteroidetes, two predominate genera of focus in the large
intestine microbiota are the Bacteroides and Parabacteroides (class: Bacteroidetes, order:

Bacteroidales, family: Bacteroidaceae). One species in particular, Bacteroides thetaiotaomicron
VPI-5482, has received attention due to its abundance in the lumen and its close symbiotic
association with the human host (16). The discovery of a complex DNA inversion system
regulating the expression of capsular polysaccharides in Bacteroides (17) and the discovery of
eight distinct capsular polysaccharide synthesis loci in B. thetaiotaomicron VPI-5482 indicates
the potential to display a wide variety of subpopulations expressing a large repertoire of cell
surface structures, key to understanding its coaggregative phenotype (18). The potential to
manipulate this regulation to express polysaccharides experimentally presents great potential for
the investigation of coaggregative saccharide receptors.

Lactobacillus rhamnosus GG ATCC 53103 (LGG) is a well-studied probiotic strain
with potential for coaggregative interactions with the prominent Bacteroides and

Parabacteroides. Coaggregation ability is supported as key to the evaluation of an effective
5

probiotic, especially in the propensity ofprobiotics to inhibit the colonization ofpathogens by
competitive exclusion ( 19). Probiotics are defined as "living microorganisms, which upon
ingestion in certain numbers, exert health benefits beyond inherent basic nutrition" (20). Thus, it
was determined that the ability of LOG to coaggegate with Bacteroides and Parabacteroides
may support its function as a probiotic microorganism in the large intestine. Studies ofLOG and
its probiotic potential have focused on its adherence to human epithelium which facilitates its
health benefits, as with immunomodulation (21). Certain cell surface molecules are indicated in
the adherence oflactobacilli, including exopolysaccharide and lipoteichoic acid (22, 23). One of
the most often implicated mediators ofadhesion with human epithelium for probiotic benefit is
the LOG spaCBA pilus, which exhibits a particular affinity to human mucin at the spaC pilus tip
subunit (24, 25). The surface ofLOG presents an intriguing case for the identification of
possible surface adhesin mediators, as supported by the identification ofthe LGG pilus tip as a
major adherence factor.
A primary issue to address in the characterization ofbiofilms in the gut is the
identification ofmicrobial strains that form coaggregation partnerships. The first goal of this
study was to investigate the coaggregating partnerships that occur between the strain LOG and a
collection ofgastrointestinal-associated strains ofBacteroides and Parabacteroides, including
mutant capsular strains ofthe prominent B. thetaiotaomicron VPI-5482 which correspond to
expression ofone ofeight ofits distinct loci for capsular polysaccharide synthesis. These
interactions were surveyed to assess the spectrum strength ofcoaggregation ability ofthe LOG
probiotic strain, with consideration ofthe factor ofautoaggregation, or aggregation ofa bacterial
species with itself, as a control measure. This research expands upon the work previously
performed in this lab that characterized a wide spectrum gastrointestinal microbe coaggregation
6

by Kolar (2011) (26), which was followed by further supporting research perfonned with
coaggregations of the B. thetaiotaomicron VPI-5482 capsular mutants perfonned by Vasquez
(2013) (27). The second goal of this study was to characterize the primary mechanism mediating
coaggregations identified as moderate in strength as significant interactions. Accordingly, this
study sought to characterize the nature of adhesin-mediated coaggregations occurring between
these selected strains by the detennination of the partner(s) carrying the putative adhesin and the
partner(s) carrying the potential adhesin receptor. The nature of adhesin binding has been well
characterized in the binding of cell surface carbohydrates, and it was predicted that these may be
receptors involved in coaggregation in the gut environment. Characterization of the adhesin will
be further elucidated by the assessment of small molecule reversibility of coaggregative
interactions by the use of a library of mono- and disaccharides and their derivatives, which
allowed detennination of whether the putative adhesin is lectin-natured or carries another
binding specificity. The model of lectin-mediated bacterial coaggregation directed the prediction
that if coaggregations are discovered between LGG and BacteroideslParabacteroides, a likely
mechanism underlying these interactions is adhesin-mediated bacterial coaggregation, and the
adhesin may similarly be identified with lectin binding properties as described in previous
bacterial coaggregation adhesin identifications in oral cavity biofilms (12, 13) (Figure 1).
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MATERIALS & METHODS
Culture Growth and Processing

The bacterial strains selected for this study included the primary probiotic strain L.
rhamnosus GO ATCC 53103, a collection of native gastrointestinal Bacteroides &
Parabacteroides strains, and mutant capsular types of Bacteroides thetaiotaomicron VPI-

5482 (Appendix 3; Significant strains in Table 1). All L. rlzamnosus GO ATCC 53103,
Bacteroides & Parabacteroides cultures were selected from a collection of frozen stock

cultures kept for long-term storage. All L. rhamnosus GO ATCC 53103 cultures were
grown in aerobic conditions in a 37°C non-C02 water-jacketed incubator (Forma
8

Scientific). The media chosen for the culturing of these strains were deMan, Rogosa, and
Sharpe (MRS) [Becton, Dickinson and Company (BO)], Brain Heart infusion (BHI)
(Acumedia), and Todd Hewitt (TH) {BD), from which they were transferred to broth
media of the corresponding type. The variety of media were chosen in order to observe
the effects of phenotypic variation in qualities of morphology as well as the
coaggregation results obtained from each culture dependent upon the type of medium, or
growth conditions. All Bacteroides and Parabacteroides were grown anaerobically in
the 37°C non-C02 incubator. They were grown first on trypticase soy agar with 5%
sheep blood (TSA JP'M) (BO) and then transferred to tryptone, yeast extract, glucose
(TYO) broth. The TYO broth was the only medium not commercially manufactured. All
components of the TYO broth were prepared and combined in the laboratory according to
formula prescribed by Holdeman et al. (1997) (28) (Appendix 1). The L-cysteine
solution was prepared in aliquots to be stored at -80°C until the TYO broth was ready to
be inoculated, upon which the aliquot was added, acting as a reducing agent to the
medium, and activating it for growth. The strain Bacteroides thetaiotaomicron VPI-5482
was obtained in the form of capsular mutants selected for the expression of either all, one
of eight, or none of the capsule loci in the B. thetaiotaomicron genome ( 18). The
capsular mutants of B. thetaiotaomicron VPI-5482 were provided by Dr. Eric Martens at
the University of Michigan Medical School Department of Microbiology and
Immunology and were of the following types: wild type (All CPS), capsular type 1 (CPS
1), CPS 2, CPS 3, CPS 4, CPS 5, CPS 6, CPS 7, CPS 8, and no capsule (bald type). For
all Bacteroides and Parabacteroides strains, the cultures on agar and in broth were
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cultured anaerobically at 37°C in ajar using the BO GasPak™ EZ Anaerobe Pouch
System.
All strains cultured were streaked once on a TSA II™ (BO) plate for growth, followed
by an incubation of approximately 24 - 48 hours. After this period, they were then
restreaked onto a fresh TSA II™ agar plate for isolation of colonies, followed by another
incubation approximately 24 - 48 hours. Finally, colonies from the isolation plate were
inoculated into the corresponding TYO broth medium and allowed to incubate for
approximately 48 - 72 hours. After each round of growth, a sample of colonies was
Gram-stained to confirm that no contamination had occurred. These samples were also
used to observe cell morphology, characterized by cell shape (coccus, bacillus, etc.) and
growth patterns (observation of cell chains, dispersion, etc.). Once grown successfully in
media, all cultures were harvested from the broth culture after centrifugation at 14,480 x
g ( 10,000 rpm with Sorvall SA-600 fixed angle rotor in Sorvall RC5B Plus Centrifuge)
for 10 minutes at 4°C. The cells were then suspended in coaggregation buffer (13)
(Appendix 2). This coaggregation buffer was used to wash the cells by centrifugation
with -25 mL washes at the settings described for pelleting and cycled with resuspension
in buffer for a total of three times before it was finally resuspended a last time in
coaggregation buffer (-10 - 25 mL). The strains grown and harvested were screened for
significant standard coaggregation results and only those with moderate to strong
coaggregation (score of 2 or above, refer to "Standard Coaggregation Assay") were
further analyzed (list of strains that passed screening are provided in Table 1).
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Table 1. List of partner strains displaying moderate to strong coaggregation. Provided in this table are the
strain names, abbreviated names, media types, Gram-stain classification, fermentation products, and growth
requirements of those partners between which a standard coaggregation score of 2 or above was obtained. (A
complete list of the strains used in this study is provided in Appendix 3.)
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Bacteroides
thetaiotaomicron VPI-5482

B. theta

Bacteroidesfragilis
ATCC 25285

B.frag

Bacteroides oleiciplenius
DSM 22535

B. o/e

Bacteroides stercoris
ATCC 43183

B. ster

Bacteroides eggert/iii
DSM 20697

B. egg

Bacteroides intestinalis
DSM 1 7393

B. int

Bacteroides ce//u/osi/yticus
DSM 14838

B. cell

Parabacteroides goldsteinii
DSM 1 9448

P. gold

Parabacteroides gordonii
DSM 23371

P. gord
MRS LGG

Lactobacillus rhamnosus
ATCC 53 103

I

Acetate,
Succinate
Propionate

BAPrrYG

Obligate
Anaerobe

Gram(-) Short Rod
Acetate,
Succinate,
Propionate
(Predicted)

I

MRS/MRS
Gram(+) Rod

TH LGG

THffH

BHI LGG

BHI/BHI
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Lactic Acid

Facultative
Anaerobe

Standard Coaggregation Assay

Bacterial suspensions prepared from harvesting required adjustment ofcellular
concentration using an optical density with absorbance set to 600 run wavelength. The
suspension was adjusted to OD6oo = l ± 0.05, as measured by DU800 spectrophotometer
(Beckman Coulter), achieved by a series ?f trial dilutions or concentration ofsuspension
by resuspension in coaggregation buffer. Once optical density was adjusted, pairs of
strains were selected to be tested for coaggregation ability. To conduct the assay,
bacterial suspensions were combined in standard test tubes ( 1 0 x 75 mm) in ratios of 1 00
µL ofone strain and 1 00 µL ofthe other collected in the experimental test tube.
Additionally, for each pair, control test tubes were prepared to control for the effect of
autoaggregation, or the aggregation ofa bacterial strain with itself, and consist of200 µL
ofa single partner from the pair in each tube. The tubes were vortexed for 5 seconds
followed by rocking back-and-forth 1 00 times. Coaggregation was visualized using a
colony counter magnifying lens with back-light (Quebec Colony Counter) and scored
according to a qualitative 4-point scale described by Kolenbrander et al. (29) [Table 2;
Figure 2 (30)]. This scale was based on measures ofsuspension turbidity and cell
clumping, which is readily observed in this in vitro assay. As mentioned in the previous
section, only those partner strains which received scores of2 (moderate) or above were
carried for further analyses, which required that definite bacterial clumps were seen
rather than dispersed particulate clumps. It was inferred that those partners
coaggregating to strength of 2 or above would be more likely to exhibit clearly
observable adhesin-mediated coaggregation, as assessed by protease inhibition and
carbohydrate reversal assays.
12

Table 2. 4-Point Scale for Coaggregation Scoring !Adapted from Kolenbrander PE and J London (29)1
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-

�-1.r�
- ,"; �,. '1"-'

-

0

Even, turbid suspension of bacteria

1

Finely dispersed clumps in turbid background (weak}
Definite clumps of bacteria are easily seen but do not settle immediately and remain in
turbid background (moderate)

3

Clumps settle immediately with a slightly turbid background (moderate)

4

Clumps settle immediately and supernatant is completely clear (strong}

Figure 2: Visual Assessment of Coaggregation Score. Refer to Table 2 for corresponding scale. Figure
obtained from Figure 1 of Min et al. 2010 (30).

Protease Inhibition Assay
Once pairs of coaggregation strains with strength of score 2 or above were identified,
they were further processed by protease inhibition assay (31 ) to assess for the presence of
protein adhesin factors on either of the coaggregating partners. To conduct the assay, 900
µL of bacterial suspension was combined with 2 µg pronase E [ l 00 µL of pronase E (20
µg/mL)] in a 1 .5-mL microcentrifuge tube. The suspension with pronase E enzyme
solution was then incubated in a dry heat bath for 75 - 120 minutes at 37°C. After
incubation, the samples were washed for 3 cycles with 500 µL coaggregation buffer
added each subsequent cycle with the microcentrifuge (Eppendorf Centrifuge 541 7C) set
at 1 1 ,000 x g ( 1 0,000 rpm), room temperature (RT), for 2-3 minutes. Finally, the pelleted
cells were resuspended in a volume of 800 µL coaggregation buffer.
In order to conduct the protease assay, tubes were prepared as in the standard
coaggregation assay, except that tubes were organized in the following manner: both
untreated suspensions in one tube, both protease-treated suspensions in another tube, and
one tube each having one partner sample treated and the other untreated, for a total of
four primary test tubes. The both-treated and both-untreated tubes serve as controls for
observing any inhibition of coaggregation in the experimental tubes with one or the other
partner treated. Additionally, control tubes containing 200 µL of each sample of the pair
treated and untreated were prepared, a total of 4 secondary control tubes. All tubes were
scored as in the standard coaggregation assay, and any evidence of inhibition of
coaggregation as observed by scoring was reported.
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Carbohydrate Reversal Assay
Based on the theory of competitive binding and competing binding affinities for a limited
number of active adhesin sites, carbohydrate and carbohydrate derivatives were used to
reverse coaggregation binding. To conduct a carbohydrate reversal assay, the same
procedure was followed as the standard coaggregation assay outlined above, except that
20 µL of 300 mM aqueous carbohydrate solution was added to the experimental tube
already containing both partner strains to achieve final concentration of-27.3 mM ( 1 3).
As control groups, tubes were prepared without the addition of sugar, as well as tubes
with only one of either bacterial strain suspension. The carbohydrate stock solutions
(Appendix 3) were prepared and used for testing at the concentration previously given.
After addition of sugar, the experimental tubes were scored as in the standard
coaggregation assay.

RESULTS
Culture Growth
Observations of the growth of LGG scored based on the measurement of density of
colony formation yielded weak to moderate patterns when grown in TH and BHI media.
However, the growth in MRS medium was extremely dense, as expected for this medium,
as it is designed for growth of lactobacilli. The growth of Bacteroides and
Parabacteroides was in most cases moderately dense when grown on sheep blood TSA

and TYG medium. Using observations by Gram-stain, the culture of LGG was
confirmed as Gram-positive and the cell morphology was determined to be greatly
15

growth-medium dependent, exhibiting variable cell division patterns. When grown in
MRS medium, the cells appeared as large rods occurring in long chains of attached cells.
When grown in TH medium, moderately sized rods appeared in small clumps, and in BHI
medium, moderately sized rods appeared in short chains of attached cells. Throughout all
Gram-stains of Bacteroides/Parabacteroides, cultures were confirmed as Gram-negative,
and a dispersion of very short rods to coccobacilli was observed.

Standard Coaggregation Assay

The type of growth medium variably influenced the ability of the LGG to coaggregate
with Bacteroides and Parabacteroides strains. Out of the 22 total wild-type
Bacteroides!Parabacteroides strains tested, only nine of these coaggregated moderately

to strongly with LGG of any medium type (Table I ; illustrated in Figure 2). Of all
medium types, only LGG grown in TH coaggregated moderately with the
Parabacteroides strains: Parabacteroides goldsteinii DSM 1 9448 & Parabacteroides
gordonii DSM 23371. All other moderate to strong coaggregation were only achieved

with Bacteroides. Only B. oleiciplenus DSM 22535 had a consistent score, with a 2
(moderate), in coaggregation interactions with LGG of all medium types. In three other
cases of Bacteroides partners, moderate to strong scores were only shared across two
medium types of LGG: B. stercoris ATCC 43183 with MRS & TH LGG, Bacteroides
eggerthii DSM 20697with TH & BHI LGG, & B. thetaiotaomicron VPI-5482 with MRS
& TH LGG. The most significant coaggregation was observed with only two of the

Bacteroides strains: B. stercoris, with TH LGG only, & Bacteroides eggerthii DSM
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20697, with TH & BHI LOG. The contribution of autoaggregation by
Bacteroides/Parabacteroides was in most cases insignificant, with the vast majority
being scored at 0. However, there were exceptions among the strains which
autoaggregated exceptionally high and interfered with accurate observance of
coaggregation, as occurred with B. stercoris ATCC 43183 and B. intestinalis DSM
17393. Across all medium types of LOG, it autoaggregated at a score of 1, and was
qualitatively observed to autoaggregate strongest when grown in TH medium ( l +).
Overall, it was clear that the widest spectrum and strongest coaggregations occurred with
the growth of LOG in TH medium (data from Table 3 illustrated in Figure 3).
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Table 3. Standard coaggregation scores of LGG media types with Bacteroides/Parabacteroides. All
coaggregations scores of each of the medium type LGG strains and the Bacteroides/Parabacteroides are
displayed at the intersection boxes of each of the partners, as well as the autoaggregation of each individual
strain displayed above or to the left of the strain name. (Moderate to strong scores are bolded; Red
background indicates no inhibition; yellow background indicates moderate to strong score is shared between
two medium type LGG strains; green indicates moderate to strong score is shared between all three medium
types of LGG). (Abbreviations of strain name are explained by Appendix 3).
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Figure 3: Alluvial diagram of coaggregation interactions between LGG and Bacteroides/Parabacleroides
collection strains (excluding B. tltetaiotaomicron VPI-5482, illustrated separately in Figure 3). Each band in
the diagram represents a division first of LGG into the nodes of its different growth medium (middle nodes:
TH, MRS, BHI), and then further into the nodes of its partners (end nodes: Bacteroides/Parbacteroides spp.)
The band width between the middle nodes and end nodes indicates the strength of coaggregntion, with
thickness corresponding to standard conggregation score according to the given key.

Significantly, only TH LOG exhibited coaggregation with every wild-type
Bacteroides/Parabacteroides partner strain, whereas MRS LOG had a slightly narrower range,
and BHI LGG had the least total number of coaggregations (Figure 4). Additionally, scoring of
standard coaggegation interactions showed that LOG grown in TH exhibited the widest range of
moderate to strong coaggregation scores with the collection ofBacteroides!Parabacteroides
wild-type strains, with half as many moderate to strong coaggregations occurring with LOG
grown in MRS, and BHI having the narrowest range ofcoaggregations (Figure 3).
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TH LGG

MRS LGG
O Score: 0

O Score: O

• Score: 2

• Score: 2

• Score: 1
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• Score: 3

• score: 3

BHI LGG
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Figure 4: Variability of LGG coaggregation by medium type. Shown on each pie chart is the proportion of
coaggregation interactions out of 22 total representing each score of the LGG medium types with
BacteroideslParabacteroides collection strains.

In all cases of visual coaggregation assay between LGG medium types and B.
thetaiotaomicron VPI-5482 capsular type mutants, some coaggregation was observed {Table 3).

Among these coaggregations of LGG, the most consistent moderate coaggregations were
observed with null type, capsular type 2, and capsular type 8. In these cases, coaggregation
scores observed were consistent across all LGG medium types. Unique moderate scores were
found exclusive to capsular type 5 with TH LGG, and capsular type 7 with BHI LGG.
Interestingly, BHI LGG was the only medium type excluded from moderate coaggregation with
20

the wild type. Only weak coaggregation scores (score: 1 ) were achieved with interactions
between LGG medium types and capsular types 1 , 3, 4, & 6. Overall, the spectrum of
coaggregations was much more consistent across interactions with mutant capsular types of B.
thetaiotaomicron, with the exception of capsular type 5 & 7, than observed in the broader scale
of interactions between LGG and the Bacteroides/Parabacteroides collection of species,
allowing coaggregation specificities to be better discriminated without the confounding factor of
growth medium variability interfering (data from Table 4 illustrated in Figure 5).

Table 4: All coaggrcgations scores with each of the medium type LGG strains and the capsular mutants of B.
thetaiotaiomicron VIP-5482 are displayed at the intersection boxes of each of the partners, as well as the
autoaggregation of each individual strain displayed above or to the left of the strain name (gray boxes)
(Moderate to strong scores arc boldcd; Red background indicates no inhibition; yellow background indicates
moderate to strong score is shared between two medium type LGG strains; green indicates moderate to
strong score is shared between all three medium types of LGG). (Abbreviations of strain name are explained
in Appendix 3).
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capsular types. Each band in the diagram represents a division first of LGG into the nodes of its different

growth medium (middle nodes: TH, MRS, BHI), and then further into the nodes of its partners (end nodes:
Bacteroides/Parbacteroides spp.) The band width between the middle nodes and end nodes indicates the
strength of coaggregation, with thickness corresponding to standard coaggregation score according to the
given key. (Abbreviations of strain name are explained in Appendix 3).

Adhesin Identification by Protease Digestion
Moderate to strong coaggregation interactions between the various medium types of LGG
with Bacteroides/Parabacteroides were reduced to no coaggregation (inhibition) after
treatment of LGG with protease digestion in all cases (with consideration of scores
matching the autoaggregation controls of untreated partners as no coaggregation), which
was interpreted as the presence of unimodal adhesin mediation, with the adhesin being
found on the LGG cell surface (Table 5). There were, however, exceptions to this trend.
Amongst two out of three coaggregations of MRS LOG with Bacteroides partners,
inhibition was also observed after treatment of the Bacteroides partner with protease
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digestion. These observations introduce the possibility of a few biomodal interactions.
There were cases in which autoaggregation scores after treatment with protease could not
be achieved (B. cell, P. gord, & P. gold), however, these were not of consequence, as no
decrease in score was observed after treatment of these partners and their untreated
autoaggregation was weak to none, and in the case of Parabacteroides goldsteinii DSM
1 9448, it unfortunately failed positive control in which both partners were protease
treated, and could not be considered as significant.

Table 5. Protease inhibition of coaggregation between LGG and Bacteroides/Parabacteroides collection
strains. At the intersection box of each pair of partners is displayed the base standard coaggregation score
with the first superscript score being the score post-treatment of LGG with protease and the second
superscript score being the score post-treatment of partner with protease. The autoaggregation score of each
strain is displayed as a base score in the box next to the strain name (darker blue box) with the superscript
score being the score after treatment of the autoaggregation control with protease. An asterisk next to the
score indicates that the score reOected the same score as the untreated partner's autoaggregation, and was
thus treated as no coaggregation. The line through the box in the table indicates a case in which the positive
(both partners in pair protease-treated) failed, and ls not considered significant.
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All moderate to strong interactions of TH LOG with capsular types of B.

thetaiotaiomicron VPI-5482 also exhibited reduction of coaggregation to none (inhibition) after
treatment of LOG with protease digestion. In this case, a similar trend was observed with the
interpretation of a unimodal LOG adhesin being observed in all cases except with coaggregation
interactions of MRS LGG. In this case, coaggregation was also inhibited after treatment of the
capsular type partner with protease digestion, presenting the interpretation of bimodal
interactions in these cases.

Table 6: Protease Inhibition of Coaggregation between LGG and B. thetaiotaomicron VPI-5482 mutant
capsular types. At the intersection box of each pair of partners is displayed the base standard coaggregation
score with the first superscript score being the score post-treatment of LGG with protease and the second
superscript score being the score post-treatment of partner with protease. The autoaggregation score of each
strain is displayed as a base score in the box next to the strain name (darker blue box) with the superscript
score being the score after treatment of the autoaggregation control with protease. An asterisk next to the
score indicates that the score reOected the same score as the untreated partner's autoaggregation, and was
thus treated as no coaggregation.
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Carbohydrate Reversal of Coaggregation

In all significant (moderate to strong) coaggregating pairs, coaggregation between
partners as assessed by standard visual coaggregation assay was maintained even after the
addition of-27.3 mM mono- and disacchardie, and derivative, in solution (Appendix 3),
revealing that the carbohydrate reversal of moderate to strong coaggregations was not
supported, as assayed.
DISCUSSION

Coaggregation partnerships of LGG with Bacteroides/Parabacteroides partners were
identified by in vitro assay using a qualitative scoring system in which a score of2 or above
(moderate to strong) was considered significant. The results indicate an unexpected growth
medium-related modulation of coaggregation, which may be explained by considering the
findings of growth medium modulation of LGG's potential to fonn biofilms (10). Interestingly,
the effect was not due to any difference in carbohydrate source, as all media contained glucose,
and thus, modulation of growth, and subsequently coaggregative ability, may be tied to other of
the undefined quantities of growth factors included in these media, including peptone source.
Although LGG growth was clearly densest from the MRS medium (designed for the growth of
lactobacilli), the LGG grown in TH medium showed the widest spectrum of coaggregation
ability with surveyed Bacteroides/Parabacteroides partners, and the greatest number of
moderate to strong coaggregation scores [score 2 (moderate) to score 3 (moderate strong)].
Additionally, in all cases, except interestingly that of MRS LGG, in which bimodal interactions
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were observed, the presence of unimodal LOG adhesin(s) was observed from protease inhibition
of coaggregation.
In total, nine of the 22 Bacteroides/Parabacteroides strains surveyed exhibited moderate
to strong coaggreggation with LGG of any medium type. With more than half the moderate to
strong coaggregation scores (partners B. frag, B. int, B. cell, P.gord, & P. gold), the results were
highly variable and growth medium-dependent, reflecting the influence of growth factors on the
development and morphology of the LGG cells. The observation of smaller cell size and pattern
of clumping observed by Gram-stain after growth in TH was correlated with optimized
coaggregative ability in this medium type. The smaller cell size may increase the surface area
availability for coaggregation by a reduced surface area-to-volume ratio, and clumping may be
reflective of the relatively strong baseline autoaggregative ability of LGG specifically from this
medium. An opportunity of investigation is presented by the consistent coaggregation of all
medium types of LGG with Bacteroides oleiciplenius DSM 22535, which may indicate growth
medium-independent adherence factors are involved. The strongest, and most consistent,
coaggregation was achieved by interaction of LGG with Bacteroides eggertltii DSM 20697. To
model these interactions to the gut, it will be necessary to investigate mapping the localities and
relative abundances of these Bacteroides/Parabacteroides strains inside the gastrointestinal tract
by survey study of gut isolates.
The isolation of single capsular polysaccharide expression in the mutants of
B. tltetaiotaomicron VPI-5482 was key to the discriminatory analysis of potential cell surface

receptors for coaggregation. The regulation of capsular polysaccharide expression based on
nutrient availability is important to understanding the gut biofilm Two of the capsular
polysaccharides most consistently producing moderate coaggregation results across LGG
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medium types were capsular type 2 (CPS 2) and capsular type 8 (CPS 8), indicating perhaps a
commonly expressed adhesin for these surface phenotypes which is not medium-dependent.
Significantly, by use of a biofilm model chemostat flow system, it has been found that the
expression of capsular locus 8 ( CPS 8) genes is upregulated in B. thetaiotaomicron associated
with biofilm formation relative to that found in planktonic form, as well as the downregulation of
capsular locus 1 (CPS 1) (32). The finding that LGG coaggregates at moderate strength
consistently with the phenotypic manifestation of this expression for CPS 8, but only weakly
with CPS 1, may indicate support for the inclusion of LGG in the native gut biofilm. As glycan
utilization by B. thetaioaomicron VPl-5482 is closely associated with capsule synthesis (19), the
availability of diet-associated carbohydrates and those associated with the gut mucosal surface
may modulate the coaggregative ability of B. thetaiotaomicron VPI-5482 considerably, and thus
its ability to include new members into biofilm such as LGG. Additionally, a clear medium
dependent interaction was observed with capsular types 5 and 7, indicating the influence of TH
and BHI media, respectively, in inducing coaggregation with these respective capsular
polysaccharide expressions. The characterization of glycosylated residues associated with each
of these capsular polysaccharide expressions will be important to the investigation of adhesin
specificities in each of these cases. Due to the prediction that potential coaggregation lectin
receptors would be found primarily within the capsular polysaccharide of B. thetaiotaomicron
VPl-5482, the finding that consistent moderate coaggregation was achieved even in the null
capsular mutant was surprising. This mutant expressed no capsular polysaccharide loci,
indicating perhaps the exposure of a moderate affinity sub-capsular coaggregation receptor such
as a component of the peptidoglycan.
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The search for the partner adhesin in coaggregative interactions generally yielded that the
putative protein adhesin is located on the LGG cell surface, as verified by protease-treated
inhibition of coaggregation. The trend of increased bimodal interaction of protein adhesins in
the case of LGG grown in MRS indicates an interesting modulation of growth in the direction of
receptor expression on LGG, for which a lectin-like model of adhesin binding may also be
investigated through the survey of LGG cell surface gylcosylations. As this effect was unique to
only this medium, it may be useful to further investigate what property of this media induced this
effect. The next step will be to identify the protein represented by the putative adhesin(s) in each
of these cases. The LGG pilus, in particular the spaCBA pilus, represents a very strong
candidate for the investigation of coaggregation-mediating adhesins, as this pilus has been
implicated in adhesion to human mucosal epithelium, with high-affinity binding to the
extracellular matrix human mucin as a consequence of its LPXTG-like binding domain (25, 26,
33). It has been proposed that the LGG pilus may act to bring cells within close proximity to
facilitate the action of further adhesive interactions (34). In a nanomechanical analysis, the
spaCBA pilus was found to participate in "homphilic adhesion" by the action of spaC-spaC

binding and a proposed lectin-carbohydrate binding of spaC to glycosylated residues (35), which
would be a strong mechanism for LGG's autoaggregation properties, and perhaps hold
implications for multi-species coaggregation. Another potential coaggregation binding
mechanism that is still under investigation is the clustering of hydrophobic cell surface residues,
a common occurrence which must be accounted for in its overall contribution to cell-cell
interaction to accurately assess the role of adhesin-mediated binding in these interactions. One
possibility is the analysis of the coaggregation-specific members of the surface proteome by
biotinylation of surface proteins, sonication, and avidin pulldown.
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Counter to expectations of a lectin model coaggregation interaction ( 13), saccharide
reversal of coaggregation was not successful in any instance. The lack of any inhibitory effect
yet observed may owe to the inability of carbohydrate to exclude binding of native bacterial
carbohydrate receptors once already bound. This assay could perhaps be improved by the
suspension of partners in 80 mM carbohydrate solution before combining so as to test inhibition
(36) rather than the addition of-27.3 mM saccharide solution in testing reversal. Thus, it cannot
be ruled out that the putative adhesins involved may participate in lectin-like binding. Another
potential avenue for investigation in characterization of the adhesin would be the use of certain
known biofilm disruptive and coaggregation-inhibiting amino acids, including the amino acid
salt, L-arginine-HCl, a potent inhibitor in oral, and gut bacterial biofilm samples (15, 3 1).
Much research in the field ofbacterial adherence mechanisms has revolved around the
interaction of microbiome inhabitants with human host cells and the implications in immune
system signaling and function, which could be advanced by this understanding of coaggregation
in incorporating LOG into gastrointestinal biofilms (21). The understanding of the bacterial
mutualism formed between coaggregating partners associated with biofilm may be aided by
investigation of possible co-metabolic capabilities between the fermentative short-chain fatty
acid products of the Bacteroides/Parabacteroides and the lactic acid product of LGG. Further
investigation of nutrient medium modulation of coaggregative ability must be further
investigated, especially in regard to its modulation of cell morphology, and in the case of
Bacteroides!Parabacteroides, surface polysaccharide expression. The spaCBA pilus has already

been implicated in exertion of immunomodulatory effects, but can only do so when brought into
the proximity of epithelial cells and allowed to persist in the gut. In addition to LGG's strong
adherent properties to mucin and epithelium, bacterial coaggregation with
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Bacteroides/Parabacteroides provides support for the persistence of LGG in the
microenvironment of the large intestine. Bacteroides thetaiotaomicron VP1-5482, as one of the
more prominent members of Bacteroides in the intestines, is additionally in close association
with the mucin of the mucosa( epithelium, as it derives 0-glycans from this source, by which it
coordinates the synthesis of the capsular polysaccharide (32). The knowledge of LGG's
coaggregation and adhesin specificities and with Bacteroides!Parabacteroides, and the
association of both LGG and Bacteroides!Parabacteroides with the intestines should allow this
probiotic to be engineered towards the optimal promotion of bacterial adherent properties crucial
to inhibitory exclusion of pathogens as well as intimate cell communication at the mucosa]
epithelial interface.
APPENDICES
Appendix 1 (28)
Fonnula for TYG Medium per 500 mL:
5 g tryptone peptone (Fisher Scientific), 2.5 g BD Bacto™ Yeast Extract, 1 g D-(+)
glucose (dextrose), 50 mL 1 M K.P04 solution, 20 mL TYG Salts solution (0.5 g/L
MgS04·7H20, 10.0 glL NaHCOJ, 2 .0 g/L NaCl}, 0.5 mL Vitamin KJ (Sigma-Aldrich) ( 1
mglmL pure ethanol) solution, 0.5 mL 0.8% (m/w) CaCb solution, 0.5 mL FeS04· 7H20
(0.4 mglmL) solution, 0.5 mL histidine-hematin solution [prepared by mixing 12 mg
hematin (Sigma-Aldrich) with I O mL 0.2 M histidine-HCI monohydrate (Sigma-Aldrich)
aqueous solution adjusted to pH 8 with 10 M NaO H], 2 mL resazurin (C12H6NNa04)
anaerobic indicator dye (0.25 mglmL, 0.5 mL L-cysteine (0.05 glmL), and filled to
volume with distilled water (426 mL)
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Appendix 2 (13)

Formula Concentrations of Coaggregation Buffer:
1 mM Tris (pH 8.0), 0. 1 mM CaCh, 0. 1 mM MgCh, 150 mM NaCl, and 0.02% NaN3

Appendix 3 (Continued on next page)
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DSM 22535

Bacteroides ovatus ATCC

8483

Bacteroides salyersiae

DSM 18765

Bacteroides stercoris
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Appendix 4

Carbohydrates and Carbohydrate Derivatives Used in Carbohydrate Reversal Assay:
Lactose, L-(+)-arabinose (EMO), D-(-)-arabinose (Fluka Analytical), D-mannitol (Difeo),
sucrose (USB), maltose (Difeo), D-(+)-glucose (Sigma-Aldrich), N-acetyl-D
glucosamine (Sigma-Aldrich), N-acetyl-D-galactosamine, & L-(-)-sorbose {Sigma
Aldrich)
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